Translational Investigation nature publishing group INTRODUCTION: cerebral white-matter (WM) abnormalities on magnetic resonance imaging (MRI) correlate with neurodevelopmental disability in infants born prematurely. RESULTS: Quantitative histological measures of WM and ventricular volumes correlated with qualitative MRI scores of WM volume loss and ventriculomegaly. Diffuse astrocytosis was associated with signal abnormality on T 2 -weighted imaging and higher apparent diffusion coefficient in WM. Loss of oligodendrocytes was associated with lower relative anisotropy characterized by higher radial diffusivity values. The relationship between histopathology and MRI abnormalities was more pronounced in animals in the 28 d model, equivalent to the term human infant. DISCUSSION: MRI reflects microstructural and anatomical abnormalities that are characteristic of WM injury in the preterm brain, and these changes are more evident on MRI at term-equivalent postmenstrual age.
I
nfants born prematurely now account for nearly 13% of all births (1) . Although the vast majority of these infants survive, they are at high risk for a variety of long-term physical, behavioral, and cognitive impairments (2, 3) . These adverse neurodevelopmental outcomes are often associated with cerebral whitematter injury (WMI), which is detectable in the preterm infant at term-equivalent postmenstrual age (PMA) (4) (5) (6) . Based on human autopsy studies, this WMI is characterized by diffuse astrocytosis in central WM, prominence of activated microglia, and preferential death of pre-oligodendrocytes (7) (8) (9) . Focal necrosis, when present, is localized to deep periventricular WM. Although histopathological evaluation of WMI remains the "gold standard, " surrogate methods such as magnetic resonance imaging (MRI) are important because the majority of premature infants survive. To date, relatively few studies correlating MRI and neuropathology in the human preterm infant have been published. Two studies suggested that conventional T 1 -and T 2 -weighted MRI accurately delineate cystic and hemorrhagic lesions but do not detect subtle cellular abnormalities found at autopsy (10, 11) .
Diffusion tensor imaging (DTI) is more sensitive to subtle WM abnormalities than conventional MRI (12, 13) . As DTI of premature infants has become increasingly common in the clinical setting, there is a growing awareness that many infants, even those thought to be at low clinical risk, have subtle WMI (14) . Diffusion abnormalities, characterized by increased apparent diffusion coefficient (ADC) and decreased anisotropy, are commonly found throughout the WM in preterm infants at term-equivalent PMA (13, (15) (16) (17) (18) (19) . Despite the increasingly common assumption that DTI abnormalities in the preterm brain represent cellular changes such as astrocytosis and loss of oligodendrocytes, only two studies have directly investigated the histopathological findings corresponding to diffusion imaging. In the first, a case report of a premature infant focused on the findings in relation to severe, cystic WM lesions rather than the diffuse injury common in surviving infants (20) . In the second, in a series of fetal brains, alterations in DTI with higher ADC were interpreted as indicative of vasogenic edema and astrocytosis (21) . Anisotropy was not measured in this study.
To obtain insight into the histopathological correlates of MRI findings in cerebral WM, a preterm animal model of WMI is required. The immature baboon model was developed to study the respiratory outcomes of different ventilatory strategies but also displays patterns of cerebral WMI highly similar to that of the preterm infant. Thus, this model provides an opportunity to compare cerebral MRI findings with histopathology for preterm brain injury. These animals received no "intentional" ischemic or inflammatory insult but instead received standard neonatal care (22, 23) . Baboons were delivered prematurely Articles MRI/pathology in preterm baboon brain at 125 d of gestation (dg, term ~185 dg), equivalent to 26 wks human gestation, and were treated in an animal intensive care unit for either 14 or 28 d prior to killing. In our study, we used conventional MRI and DTI of fixed brains from this model to explore the relationship between MRI parameters and histopathological markers of cerebral injury.
RESULTS

Qualitative MRI Scores
More than half of the animals received normal scores for WM signal, WM volume, and ventriculomegaly in both the PMA140 and PMA153 groups ( Table 1) . Approximately 12% had severe WM abnormalities (score = 3). The percentages with WMI were similar for the two groups. Figure 1 demonstrates the normal changes in WM diffusion values from 140 dg to 153 dg. In general, relative anisotropy (RA) was higher in 153-dg controls as compared with 140-dg controls, whereas ADC, axial diffusivity, and radial diffusivity were lower in 153-dg controls. Figure 2 shows the variation in diffusion values in hemispheric WM among PMA140 and PMA153 brains. The PMA153 group tended to have greater variability as compared with the PMA140 group, particularly in the frontal, parietal, and occipital WM.
WM Diffusion Values
Relationship of Qualitative MRI to Histopathology
WM signal hyperintensity on T 2 -weighted MRI was correlated with lower WM volume, greater ventricular volume, and higher astrocyte density in subcortical WM ( Table 2 ). Higher qualitative scores of WM volume loss, ventriculomegaly, and total WM abnormality were correlated with lower WM volume, greater ventricular volume, and lower oligodendrocyte density in subcortical WM.
Separate correlation analyses were also performed for the two groups. For the PMA140 group, higher qualitative injury scores were associated only with greater ventricular size. For the PMA153 group, however, higher WM signal abnormality scores were associated with lower WM volume, greater ventricular volume, and higher astrocyte density in both deep and subcortical WM. Higher WM volume loss scores, ventriculomegaly scores, and total WM injury scores reflected lower WM volume, greater ventricular volume, higher astrocyte density in both deep and subcortical WM, and lower oligodendrocyte density in subcortical WM.
Relationship of DTI to Histopathology
Correlations between diffusion parameters and histopathology measures are shown in Table 3 . Higher diffusivity (ADC, axial, and radial diffusivity) was strongly correlated with lower WM volume and greater ventricular volume. Higher astrocyte density in deep WM was associated with higher ADC (Figure 3) , which reflected higher values for both axial and radial diffusivity. Higher Articles Griffith et al.
astrocyte density was also correlated with higher RA in the occipital WM and centrum semiovale. Lower oligodendrocyte densities in deep and subcortical WM correlated with lower RA ( Figure 3 ) and with higher radial, but not axial, diffusivity. Lower RA was strongly correlated with greater ventricular volume. When the PMA140 group was analyzed separately, lower WM volume was significantly correlated with lower RA and higher diffusivity in frontal and parietal WM and centrum semiovale. None of the other histopathology measures was significantly correlated with diffusion in this group. In the PMA153 group, higher diffusivity was correlated with lower WM volume, higher ventricular volume, and higher astrocyte densities in both deep and subcortical WM. The oligodendrocyte densities were not correlated with any diffusion parameters when the two groups were analyzed separately.
DISCUSSIoN
Technical Considerations
Fixation affects diffusion parameters, so one must exercise caution in interpreting data obtained from fixed tissue. RA values are unchanged by fixation, whereas ADC, axial diffusivity, and radial diffusivity are reduced by ~30% (24) . Thus, the relationship between RA values from live and fixed tissue is straightforward. The relationship between ADC values in live and fixed tissue, on the other hand, is more complex. The acute reduction in ADC associated with injury likely reflects alterations in tissue physiology because ADC contrast between normal and acutely injured tissue is lost following fixation (25) . Alterations in ADC that survive fixation, such as those reported in this study, do not reflect acute physiologic change or injury. Rather they are likely to be a consequence of differences in tissue microstructure. Such differences might be an increase in tissue density related to brain maturation (leading to a lower ADC) or a decrease in tissue density related to injury or delayed maturation (leading to a higher ADC). Another potential concern is that our analysis includes data obtained with two different sets of b values: a 6-direction, singleamplitude acquisition and a 25-direction, 25-amplitude acquisition. To calculate DTI parameters, data from the 25-amplitude acquisition were modeled as a monoexponential signal decay to a positive constant, whereas those from the single-amplitude acquisition were, of necessity, modeled as a monoexponential signal decay to zero. This difference could introduce bias into our analysis. Recalculating the correlations between DTI Articles MRI/pathology in preterm baboon brain parameters and histopathology using only the 6-direction data, which included all of the PMA153 animals and approximately half of the PMA140 animals, gave the same pattern of correlations. Thus, we included all the data in the final analysis.
Imaging Correlates of Histopathology
Our results indicate that qualitative assessments of WMI on T 2 -weighted MRI reflect histopathology. However, individual qualitative scores are nonspecific. For instance, qualitative WM volume loss scores correlate not only with quantitative measurement of WM volume but also with ventricular volume and astrocyte and oligodendrocyte density. Diffusely increased signal on T 2 -weighted imaging correlates with WM volume loss, ventriculomegaly, and astrocyte density, but not oligodendrocyte density. This pattern of histopathological correlations is the same as that reflected by ADC. Indeed, we found that qualitative WM signal abnormality was correlated with ADC in hemispheric WM. This is consistent with other reports (13, 16, 17) . These correlations may reflect the fact that a reduction in tissue density would be expected to both lengthen the water T 2 relaxation time constant (and cause signal hyperintensity on T 2 -weighted imaging) and increase water diffusivity. Macrostructural changes were reflected by diffusion values. Higher ADC, axial, and radial diffusivity correlated with lower WM volume and greater ventricular volume. Ventriculomegaly and reduced WM volume are recognized as common sequelae of preterm birth (26) (27) (28) , and WM, particularly in the periventricular region, may have disorganized or delayed maturation. Ventriculomegaly is also associated with lower RA in WM, which may be due to interrupted development of injured WM tracts.
Diffusion parameters are also sensitive to cellular neuropathological abnormalities in WM. Astrocytosis correlates with higher ADC and axial diffusivity, similar to the results reported in a fetal imaging study (21) . An increased density of reactive astrocytes is typical of WM lesions in later stages (8) and is probably a response to death of other cell types. The loss of injured cells and subsequent tissue disorganization probably account for the higher diffusivity associated with astrocytosis. One of the cell types most vulnerable in the premature brain is the pre-oligodendrocyte. Previous investigations in this baboon model have shown reduced oligodendrocyte densities in preterm brains as compared with gestational controls (29) (30) (31) . In our analysis, lower oligodendrocyte densities correlated with higher radial diffusivity but not axial diffusivity. The reduction in myelination that would occur subsequent to the loss of oligodendrocytes may account for this pattern of diffusion changes, as loss of myelin is associated with higher The diffusion parameters Ra, aDc, axial diffusivity, and radial diffusivity were measured in frontal, parietal, and occipital WM, and the centrum semiovale. all brains (gestational controls, PMa140, PMa153) were included in this analysis. Numbers without asterisks show trends, P < 0.10. 
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radial diffusivity and no change in axial diffusivity, with a corresponding decrease in RA (32) . In this analysis, DTI parameters in fixed brains correlated strongly with pathology by 28 d (PMA153), which corresponds to term-equivalent PMA in human infants. In animals killed at 14 d (PMA140), however, pathological abnormalities did not correlate strongly with imaging findings. One explanation is that our pathological analysis was limited to the investigation of chronic tissue changes (loss of mature oligodendrocytes, astrocytosis, WM volume loss). It is possible that cerebral diffusion values in the PMA140 group relate to subacute neuropathology, such as transient activation of microglia or necrosis of pre-oligodendrocytes or other cell populations (9, 33, 34) , which were not examined in these studies. In addition, microstructural changes are necessary before diffusion parameter differences are detectable in fixed tissue (25) . Microstructural changes are likely more prevalent at a PMA of 153 d than 140 d.
In conclusion, we have shown that MRI reflects microstructural and anatomical abnormalities that are characteristic of WMI in the preterm brain. Quantitative differences in WM and ventricular volumes are accurately detected by qualitative MRI scores of WM volume loss and ventriculomegaly. Astrocytosis is reflected by T 2 signal hyperintensity and increased ADC values associated with increases in both axial and radial diffusivity. Finally, we have shown that the loss of oligodendrocytes is associated with decreased anisotropy characterized by higher radial diffusivity values and no change in axial diffusivity. These findings will assist investigators in interpreting the MRI and DTI abnormalities found in premature infants with WMI.
METHoDS
Delivery and Instrumentation
Pregnant baboon dams (Papio papio) were treated with 6 mg of intramuscular betamethasone 48 and 24 h prior to elective hysterotomy under general anesthesia. Timed gestations were determined by characteristic sex skin changes and confirmed by serial fetal ultrasounds. Study animals were delivered at 125 ± 2 dg. At birth, animals were weighed, sedated, intubated, and treated with 4 ml/kg bolus of exogenous surfactant (Survanta, courtesy of Ross Laboratories, Columbus, OH) through the endotracheal tube.
Respiratory Management and Treatment
The management, monitoring, and treatment strategies of all baboon infants in this analysis have been described in detail in previous publications (35) (36) (37) (38) . The management of all groups of preterm baboons was initially identical. Practices included rapid weaning of ventilation, permissive hypercapnia, careful positioning to maintain a patent airway, early nutrition, minimal handling, and a reduction of ambient light and noise. All received caffeine citrate (20 mg/kg) intravenously at 1 and 12 h of age and daily thereafter (10 mg/kg). Sedation was kept to a minimum; however, if the animal experienced distress, chloral hydrate (10-15 mg) or ketamine (2.5 mg/kg) was administered as required. Volume restriction and dopamine to maintain blood pressure and urine output and ibuprofen were treatment options for those animals with clinical instability. Significant hypotension was treated by the stepwise use of additional volume, dopamine and/or dobutamine, and, finally, hydrocortisone.
The animals included in this analysis were administered a variety of ventilatory strategies. For 26 of the animals, initiation of positive pressure ventilation (InfantStar ventilator; Infrasonics, San Diego, CA) began immediately after delivery at 125 dg and continued for 14 d prior to killing with sodium pentabarbitone (130 mg/kg intravenously). As this group was killed at 140 d PMA, we refer to them as PMA140. In a second model, 17 animals were randomized to 28 d of positive pressure ventilation, high frequency oscillatory ventilation, or early (within 24 h of life) or delayed (within 5 d of life) extubation to nasal continuous positive airway pressure. Animals were euthanized after 28 d, at 153 d postmenstrual age (PMA153). Gestational control infants delivered by elective hysterotomy at 140 dg (n = 9) or 153 dg (n = 4) and euthanized immediately were included in the 14-d and 28-d groups, respectively. After killing, brains were removed, weighed, and immersed in 4% paraformaldehyde in 0.1 mol/l phosphate buffer. Cerebral outcomes of specific ventilatory strategies in this preterm baboon model have been previously evaluated by histopathology (29, 30, 39, 40) and will not be discussed here. Articles MRI/pathology in preterm baboon brain Santa Clara, CA). The fixed brains were placed in sealed plastic containers filled with 4% paraformaldehyde, which fit inside a single-turn radiofrequency coil for imaging. T 2 -weighted images were acquired using a spin-echo pulse sequence, with echo time = 100 ms (≈ T 2 ) and repetition time set to 8-11 s, depending on the number of slices being acquired; total scan time was 1-3 h for 12 signal averages. Slice thickness was 500 μm; in-plane resolution was 500 × 500 μm. Magnetic resonance images were scored qualitatively by two experienced readers blinded to treatment group. WM abnormality was graded using three 3-point scales previously described (26) to assess the nature and extent of WM signal abnormality (heterogeneity in T 2 signal or focal areas of T 2 hyperintensity), WM volume loss, and ventriculomegaly. Representative MRI images of animals with normal and abnormal scores are shown in Figure 4 .
Qualitative MRI
Diffusion MRI
Diffusion data were acquired using a spin-echo pulse sequence modified by the addition of a diffusion-sensitization gradient pulse pair. The brains from all PMA153 animals and 10 of those in the PMA140 group were imaged using a 6-direction sampling scheme, with b = 2,038 s/mm 2 (echo time = 80 ms, repetition time = 3-7 s, 600-μm isotropic voxel size, diffusion gradient duration = 15 ms, delay between diffusion gradients = 50 ms, and diffusion gradient amplitude = 3.75 Gauss/cm). A reference image was obtained with b = 0 s/mm 2 . The remainder of brains in the PMA140 group were imaged using a 25-direction sampling scheme in which gradient strength was varied across each of the 25 gradient orientations to produce b values ranging from 0-12,500 s/mm 2 (echo time = 67 ms, repetition time = 3-7 s, 500-μm isotropic voxel size, diffusion gradient duration = 15 ms, delay between diffusion gradients = 50 ms, and diffusion gradient amplitude = 0-38 Gauss/cm). Total scan time was ~4 h for the 6-direction data and 24 h for the 25-direction data; all diffusion scans included six signal averages.
Diffusion data were analyzed using custom software. For the single b-value data, the signal was assumed to decay to zero; for the 25 b-value data, the data were modeled as a monoexponential function plus a constant (41) . ADC, RA, axial diffusivity, and radial diffusivity were determined. Using Analyze software, version 7.5 (Mayo Clinic, Rochester, MN), regions of interest were defined manually on horizontal slices in frontal, parietal, and occipital WM, and in the centrum semiovale ( Figure 5) . Values from the right hemisphere were used for correlation analysis.
Histology
Histopathological analysis was performed at the University of Melbourne, Australia as published previously (29, 30, 39, 40) . Five-millimeter coronal blocks from the right forebrain were processed to paraffin, and 10 8-μm sections were cut from the rostral surface of each block. Analyses were performed on sections from each block for all brains. Areas were assessed using a digitizing program (Sigma Scan Pro v4, SPSS Science, Chicago, IL) and counts performed using an image analysis system (Image Pro Plus v4.1, Media Cybernetics, Bethesda, MD).
Volumetric analysis. The cross-sectional area of the WM and ventricle were measured in sections stained with hematoxylin and eosin, and the total volume estimated using the Cavalieri principle.
Areal density of astrocytes. Rabbit anti-cow glial fibrillary acidic protein (1:500, Sigma, St Louis, MO) was used to identify astrocytes. Glial fibrillary acidic protein-immunoreactive cells were counted (×660) in randomly selected areas (0.2 mm 2 ) in deep and subcortical WM in blocks from the frontal/temporal, parietal/temporal, and occipital lobes.
Areal density of oligodendrocytes. Rat anti-bovine myelin basic protein (1:100; Chemicon (Millipore), Billerica, MA) was used to identify oligodendrocytes. Myelin basic protein-immunoreactive oligodendrocytes were counted (×660) in a randomly selected area (0.2 mm 2 ) in the deep and subcortical WM in blocks from the frontal/temporal, parietal/temporal, and occipital lobes and the mean calculated. Mean cell densities (cells/mm 2 ) were calculated for each animal and a mean of means calculated for each group as described previously (29) .
Statistical Analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences, v17 (SPSS, Chicago, IL). Spearman's correlation coefficients were used to assess the relationship between histological parameters and qualitative MRI scores and Pearson's correlation coefficients for the relationship between histological parameters and diffusion values. Comparisons were made across all animals as well as separately for the PMA140 and PMA153 groups. 
Ethics Statement
